ABSTRACT
INTRODUCTION
PTP-related phenomena may not be mediated by single mechanisms and several types of PTP-like phenomena have been identified (Fisher et al. 1997; Zucker and Regehr 2002) . An exciting possibility is that some aspects of PTP may be mediated by neuropeptides. This is suggested by the fact that a large number of neurons contain neuropeptides, and many neuropeptides can enhance synaptic transmission (Parker 2000; Svensson et al. 2001) . However, there is a scarcity of studies demonstrating that peptides actually participate in PTP. A notable exception is a study that provided evidence for a peptidergic contribution to PTP at a neuromuscular junction of Aplysia (Fox and Lloyd 2001) .
Here, we investigated the possibility that within the central nervous system (CNS), peptidergic cotransmission may contribute to PTP and thereby affect the initiation of motor programs. We studied the synapse between the feedinginitiating cerebral-buccal interneuron 2 (CBI-2) and motoneurons B61/62, which are the first neurons activated by CBI-2 in feeding motor programs in
Aplysia. Previous work demonstrated PTP of EPSPs that CBI-2 elicits in B61/62
and an accompanying shortening of the latency of B61/62 firing in response to CBI-2 stimulation (Proekt and Weiss 2003; Sanchez and Kirk 2002) . These synaptic potentials were also increased by perfusion of Cerebral Peptide 2 (CP2; Phares and Lloyd 1996) and Feeding Circuit Activating Peptide (FCAP; Sweedler et al. 2002) , two neuropeptides present in CBI-2 (Koh et al. 2003; Morgan et al. 2000) . Since peptides are preferentially released in response to high-frequency or repeated stimulation (Iverfeldt et al. 1989; Vilim et al. 2000 Vilim et al. , 1996 Lloyd 1989), we sought evidence that peptides may contribute to PTP at the CBI-2 to B61/62 synapse and thereby to the shortening of the latency to initiate motor programs.
METHODS
Aplysia californica (125 -175 g) were used. Preparations consisting of connected cerebral and buccal ganglia were maintained at either 13.8-14. NaCl, 25 CaCl 2 , 10 KCl, 82.5 MgCl 2 , and 10 HEPES buffer, pH 7.6. FCAP was perfused at 10 -6 M and CP2 at 10 -5 M (both peptides were obtained from SynPep; Dublin, CA). In preliminary experiments these concentrations were found to produce a maximal enhancement of EPSP size.
AxoClamp 2A was used to amplify intracellular signals that were obtained using glass microelectrodes filled with 2 M K acetate and 100 mM KCl. Experiments were performed only if neurons B61/62 had a resting potential more negative than -60 mV, and the data were analyzed only if the resting potential did not change by more than 3 mV. CBI-2 was stimulated intracellularly with 17 to 20-msec current pulses. Tetanic stimulation of CBI-2 used throughout this study was a 10-Hz train lasting 30 sec. Our pilot experiments showed that this produced a maximal potentiation of the EPSPs. This stimulation frequency is within the normal physiological range of CBI-2 activity (Rosen et al. 1991 ).
All statistical tests involving more than two conditions were performed using oneway ANOVA. t-tests with the Bonferroni correction were used for post hoc comparisons. Paired t-tests were used for repeated-measure paradigms.
GraphPad (San Diego, CA) was used for statistical comparisons. Sigma Plot was used to obtain exponential fits and linear regression.
RESULTS

,
To seek evidence that peptides contained in CBI-2 contribute to PTP and to the shortening of the latency of B61/62 firing in response to CBI-2 stimulation, we performed experiments that involved occlusion of actions of endogenous peptides (Swensen and Marder 2000) and temperature-dependent suppression of peptide release (Fox and Lloyd 2001) .
In principle, PTP could be entirely mediated by peptide actions. If this were the case, PTP should not be observed when peptide release is completely suppressed. To test this hypothesis we conducted our first experiment at 25 o C, a temperature at which peptide release in Aplysia is suppressed (Fox and Lloyd 2001; Vilim et al. 1996; Whim and Lloyd 1990 ). Although we were not able to measure peptide release at the CBI-2 to B61/62 synapse, we reasoned that peptide release at this synapse may also show temperature dependence. Because the size of the EPSP was already increased and the PTP decayed to this increased level in the presence of peptides, we used scaled data to compare the decay time-courses. The scaling brought all our data into the same range of values, i.e., 1 to 0. Briefly, for each time point after tetanic stimulation, we calculated the difference in the size of the EPSP from the pretetanic value.
Each of these calculated values was then divided by the maximum difference.
The maximum occurred immediately after the tetanus. The following formula was used for scaling: These plots suggested that in the presence of FCAP+CP2 the decay of PTP was much faster than in ASW or in the presence of single peptide. For quantification, the same data were plotted on a log scale in Fig. 1D . In the presence of CP2+FCAP the rate constant of decay was significantly greater than in ASW.
There was no significant difference between the rate constants in ASW and FCAP alone or CP2 alone. The longer time-course that was observed when a single peptide was perfused likely represents the slow time-course of waning of the action of the endogenously released peptide whose actions were not occluded. Notice that this data suggests that the actions of both peptides waned with a similar time-course. Joint application seemed to occlude the slowlydecaying component of the PTP. The component of the PTP that is putatively mediated by peptides decayed slowly with a lingering tail until ~1000 sec (Fig.   1C ) while the peptide-independent component lasted less than 300 sec. Fig. 2A1, B1 ). After obtaining 3 pretetanic measurements of latency, CBI-2 was given a tetanus, and then the latency was measured at 400, 700, 1000 and 1300 sec after the end of tetanic stimulation. ( Fig. 2A1 and Fig. 2A2 ). Compared to the pre-tetanus latency there was a significant shortening of the latency at 400 and 700 sec, the times at which the EPSP size was still increased. There was no shortening at 1000 and 1300 sec, the times when the EPSP size was no longer increased.
Thus, the slow component of PTP appears to be functionally significant.
Since we observed that the slowly-decaying component of PTP was occluded by the joint application of FCAP and CP2, we sought to determine whether the decay of latency shortening is similarly affected. Exogenous peptides increase the size of EPSPs and therefore we expected a shortening of latency in their presence (Koh et al. 2003) . To assure that peptides did not produce a maximum shortening, which would prevent further shortening as a result of tetanic stimulation, CBI-2 was stimulated at a lower frequency (4 Hz for 13 sec) to obtain latency measurements. No PTP was observed with the 3-min interstimulation interval used in this experiment. Perfusion of FCAP and CP2 shortened the latency to B61/62 firing (pre-tetanus, Fig. 2B1 ). Due to the faster time-course of PTP decay in the presence of peptides, the post-tetanus latency was measured at shorter intervals (240, 420 and 600 sec after tetanus). Since we expected that in the presence of peptides the slowly-decaying component would be occluded, we also included a 60 sec group to determine whether at least the rapidly-decaying component of potentiation was able to shorten the latency. The latency was significantly shortened at 60 sec. There was no significant shortening at 240, 420 and 600 sec ( Fig. 2B1 and 2B2) .
We next sought to determine whether at 25 o C, the temperature at which peptide release is suppressed, the decay of the posttetanic shortening of the latency also lacks the slowly-decaying component. To elicit B61/62 firing CBI-2 was stimulated with 6-Hz trains of 13-sec duration every 3 min. After obtaining 3 measurements for pre-tetanus, CBI-2 was given a tetanus, and then the latency was measured at 60, 240, 420 and 600 sec after the tetanus. We expected that at this temperature the slowly-decaying component would be absent. The latency was shortened significantly at 60 sec, but no significant shortening was observed at 240, 420, and 600 sec ( Fig. 3A1 and 3A2 ). To insure that this was due to the absence of peptide release rather than insensitivity to peptides, we also tested the effects of exogenous peptides after the latency was fully recovered to the pre-tetanus value. Since exogenous peptides significantly shortened the latency (Fig. 3A2) , the absence of a slowly-decaying component was not due to insensitivity to peptides.
To determine whether the faster timecourse of decay of latency shortening at Fig. 1A ). The EPSP size was significantly increased at 60 sec. The EPSP sizes at subsequent time points
were not significantly different from pre-tetanus ( Fig. 3B1 and 3B2 ). Addition of FCAP+CP2 increased the EPSP size showing that the EPSP size was sensitive to peptides (Fig. 3B2) . These results suggest that the fast decay of latency shortening at 25 o C may be related to a fast decay of PTP at this temperature.
DISCUSSION
Repeated activation of feeding responses in intact Aplysia leads to a progressive shortening of the latency of feeding responses (Kupfermann 1974 ).
The shortening of latency to the initiation of CBI-2-elicited motor programs also occurs when the command-like neuron CBI-2, which triggers motor programs, is prestimulated at higher frequencies or is stimulated repeatedly (Proekt and Weiss 2003; Sanchez and Kirk 2002) . This is associated with PTP at the CBI-2 to The overall analysis of variance of rate constants of decay in the different groups (ASW, FCAP, CP2, and FCAP+CP2 ) showed that there was a significant difference between groups (p<0.0001, F=25.5, df=3,16 ) (p>0.05). Pooled data (n=5). The pre-tetanus value in this bar chart is the average of 3 latency measurements before tetanus. There was a significant overall difference between different time points (p<0.0001, F=24.1, df=4,16). Compared to the pretetanus latency there was a significant shortening of the latency at 400 sec (paired t-test: p<0.001, t=7.67, df=4) and 700 sec (paired t-test: p<0.001, t=5.35, df=4).
B1:
A representative recording of CBI-2 elicited B61/62 firing before and 60, 240 sec after tetanus in the presence of both peptides. B2: Pooled data (n=5).
Application of FCAP+CP2 before tetanus significantly shortened the latency of B61/62 firing (paired t-test: p<0.01, t=8.11, df=4; not shown in the bar graph). In the presence of FCAP+CP2, there was an overall significant difference between different time points (p<0.0001, F= 83.4, df=4,16). The latency was significantly shortened at 60 sec (paired t-test: p<0.001, t=14.6, df=4). There was no significant shortening at 240, 420 and 600 sec (p>0.05). The pre-tetanus value in this figure is the average of 3 latency measurements before tetanus. Asterisk indicates a significant difference. All values in the bar charts are mean ± standard error. sec (paired t-test: p<0.001, t=7.954, df=4). There were no significant (p>0.05) differences at subsequent time points. Addition of FCAP+CP2 significantly increased EPSP size (paired t-test: p<0.01, t=5.03, df=4).
